We measured contrast thresholds for detecting the direction of movement of a grating in a two-frame sequence with a quadrature shift between frames. The threshold contrast for the first frame was determined for a range of contrasts of the second frame. As the contrast of the second frame was increased, the threshold contrast of the first frame initially fell, and then remained constant at a value that was 0.3 log units below the threshold contrast when the two frames had the same contrast (the yoked threshold). We show that this motion facilitation effect is a specific prediction of a Reichardt detector, with additive noise before the multiplication site. When the order of the two frames was reversed, the motion facilitation effect was found for contrast of the second frame, but at sufficiently high contrasts of the first frame, masking was found. The temporal order asymmetry is not found at near yoked-threshold contrasts of the first frame. The Motion Facilitation Effect was smaller than the contrast facilitation in a classical contrast discrimination experiment.
Background
The image of a moving object on the retina produces correlated changes in luminous flux that are separated in space and time: the direction of movement is specified by these correlated changes. A simple delay-andmultiply model for the detection of motion by the beetle Chlorophanus was proposed by Hassenstein and Reichardt (1956) . Following common usage, we shall refer to the delay-and-multiply model as the 'Reichardt detector'. The Reichardt detector collects luminous energy along the space-time trajectory of the target, and is thus a form of spatiotemporal filter. The basic Reichardt model has been supplemented by front-end spatial filters to make it more applicable to human vision (Van Santen & Sperling, 1984) , and in its full opponent form has been shown to be equivalent to the spatiotemporal energy model of Adelson and Bergen (1985) .
An implication of the Reichardt model for stimuli consisting of a single spatial frequency component is that the contrast threshold for detecting motion will be a function of the contrast of both the delayed and the non-delayed signal. Consider a two-frame motion sequence of a sinewave grating, in which the two frames are in quadrature phase and have contrasts C 1 and C 2 respectively. In the absence of significant noise before the multiplication stage, motion will be detected when the contrast product C 1 C 2 reaches some threshold value. The evidence relevant to this prediction has been reviewed by Allik and Pulver (1995) , who propose three main consequences of the Reichardt model: 1. Monotonicity: the strength of the motion response is proportional to the product of the amplitudes of the two stimuli, and consequently the accuracy of motion-direction-identification performance must increase monotonically as a function of the product of these two amplitudes; 2. Commutability: the probability of accurate motiondetection performance does not change when the order of the two stimuli is reversed; 3. Sign reversal: if two flashes have opposite polarity then the predicted movement direction is opposite to the actual order of the flashes. Van Santen and Sperling (1984) found that the correct percent for motion identification of nearthreshold pulses is, indeed, a monotonically increasing function of the product of the pulses' amplitudes. Morgan and Cleary (1992) found that at contrasts of a two-frame random dot kinematogram too low to permit direction identification, performance could be lifted by increasing the contrast of one frame alone. They further found that sufficiently high levels of contrast in one of the two frames could mask the motion signal. Georgeson and Georgeson (1987) similarly found both facilitation and masking using sinewaves in a quadrature phase motion sequence, although theirs was a contrast detection rather than a directional discrimination. Allik and Pulver (1995) found similar results to those of Van Santen and Sperling (1984) at near threshold contrasts for both frames, but observed a contrast range in which raising the contrast of one of the frames had little effect on detection.
There has thus been general agreement that the Reichardt model implies a product relationship between component contrasts at the threshold, but actual results vary from a constant product, through no effect at all of one of the frames, to masking. In this paper we shall show that all these effects are consistent with the Reichardt model, with early noise (before the site of multiplication) and with a single gain-control parameter.
Theory
2.1. Definitions 1. Yoked threshold: the threshold for discriminating motion direction in a two-frame sequence when the contrasts of the two frames are equal (C 1 = C 2 = Yoked threshold). 2. Test frame threshold: the contrast required in one of the two frames (C 1 ) to discriminate motion direction at a fixed contrast of the other frame (C 2 ). 3. Fixed frame contrast: the fixed contrast level of one of the two frames (C 2 ) when the other (the test) is allowed to vary. 4. The test-first condition: the case when the test frame precedes the fixed frame. 5. The test-second condition: The case when the fixed frame precedes the test frame.
Modelling
Let the frames of a two-frame motion sequence have contrasts A and B respectively. In the absence of early noise, the Reichardt model predicts that the perceived direction of motion on a given trial will be determined by the contrast product of the two frames AB and late noise. Specifically, for random variable N, the observer would be expected to judge motion veridically if (AB+ N)\ 0. However, if the two frames have independent additive noise N 1 , N 2 , then the value of the motion signal is given by:
and the presence of multiplicative noise components AN 2 , BN 1 means that the strength of the motion signal cannot simply be computed from the product of the component contrasts. Specifically, for N 1 and N 2 , independent, normal random variables with mean 0 and standard deviation |, we suppose that the subject responds correctly (i.e. reports motion in the target direction) if:
and otherwise responds incorrectly. The probability of a correct response as a function of the signal levels A, B can be calculated from the bivariate normal distribution function, as explained in Appendix A.
In Fig. 1a we plot the contrast of the test frame in a two flash motion display computed from the model as a function of the contrast of the fixed frame (horizontal axis), required to produce proportion threshold of correct direction detections. The contrasts of both the test and fixed frame have been normalised by the yoked threshold, which is therefore found at the coordinates 0, 0 in the log plot. The horizontal line shows the normalised contrast of the yoked condition, and the dotted line shows the relationship expected if the product C 1 C 2 is constant at the threshold.
We see from Fig. 1 that only when the two frames are nearly equal in contrast can the threshold be predicted from the contrast product C 1 C 2 . At fixed frame contrasts much below or much above the yoked threshold, the threshold contrast of the test frame becomes greater than predicted from multiplication. However, there is a wide range over which motion discrimination can occur when the contrast of the test frame is below the yoked threshold. We shall refer to this as 'motion facilitation' by analogy to the facilitation effect observed in contrast discrimination. However, the extent of facilitation rapidly reaches an asymptote, so that increases in first-frame contrast above two to four times the yoked threshold fail to produce any further facilitation beyond the asymptotic value of 0.3 log units. Fig. 1 . The figure shows the predicted contrast threshold of one frame (the test frame: vertical axis) in a two-frame motion sequence as a function of the contrast of the other frame (the fixed frame: horizontal axis). The threshold refers to the contrast of the test frame required for the observer to report the direction of motion. The straight line show the predicted relationship if the product of the two contrasts is constant at threshold. The other curve shows the relationship predicted from the model described in the text, in which there is independent additive noise in the two frames. All contrasts have been normalised by the contrast threshold for motion direction discrimination when the contrasts of the two frames are equal (the yoked threshold).
3. Experiment 1: 2 cpd horizontal gratings of area 5× 5°3
.1. Methods
Apparatus and stimuli
Stimuli were generated on a Barco Calibrator display under control of a Cambridge Research Systems VSG graphics card. The frame rate of the monitor was set to 200 Hz. The luminance of the Red, Green and Blue guns was calibrated with a Minolta photometer and the data were used to construct linear look-up tables for the monitor. The stimuli were 2 cpd horizontal gratings of mean luminance, 6 cd/m 2 , filling the whole of the screen viewing area, which subtended 10.48 p ×6.27°at the viewing distance of 2 m. The experiments were conducted in a darkened room.
Procedure
On each trial, a two-frame motion sequence was presented and the observer's task was to report the direction of motion (up versus down). The first frame was presented in a random phase with respect to the screen edge for 100 ms followed by the second frame, which was phase shifted by 90°randomly either upwards or downwards. In early experiments with CC as the observer there was a single 5 ms interval between the first and second frames during which the screen was at mean luminance. In later experiments with MM as the observer this blank interval was removed. After each trial the observer pressed a button to indicate the direction of motion seen, and to initiate the next trial. Feedback was given in the form of an audible buzz after an incorrect response.
The yoked threshold was determined by varying the contrast of both frames jointly (C 1 = C 2 ). Then, the threshold contrast for one of the frames, the test, was determined at various fixed levels of the fixed frames (0.5, 1, 2, 4, 8, 16, 32 and 64 times the yoked threshold). In the test-first condition the test frame occurred first and the fixed second. In the test-second condition the order of presentation was reversed. Thresholds were determined by a single staircase procedure which converged to the 62% correct point. The test stimulus contrast was decreased by 2.8 db after two consecutive correct responses and increased by 2.8 db after an incorrect response. Before the first incorrect response in a session the staircase step size was 4.46 db. The threshold was taken as the mean of the test contrast at the last five staircase reversals after a total of 20 staircase reversals. Between three and six independent measures of the threshold were taken at each pedestal contrast level and the variability between measures was used to determine 95% confidence limits.
We also measured the contrast detection threshold for a single 100 ms grating presentation without motion, using a two-alternative temporal forced choice procedure (2ATFC). The fixed frame was present in both intervals, and the test frame was added in one of the intervals by interleaving at the frame rate of the display. We measured motion detection threshold with a 2AFC procedure, the observer's task being to decide in which of two intervals motion occurred, irrespective of its direction. The direction was either randomised (for observer CC) or fixed (for MM). Finally, we measured contrast detection in a procedure identical to the 2AFC motion, except that the test frame had the same phase as the fixed frame. A priori, the cue in this task could be either the difference in duration or in the energy of the two frames, or the temporal transient between the fixed and test frames.
Obser6ers
The main observers in Experiment 1 were the authors. Results were checked with two other experienced observers (SB and MF), who also took part in detailed investigations of near-yoked threshold values of fixed frame contrast. In Experiment 2, in addition to the authors, results were checked with naive observers JM-V, AJ and TA (results not included). The positional thresholds in Experiment 2 were obtained from MM and from a naive observer AJ (results checked also with TA).
Results

Motion direction discrimination
The threshold test contrast as a function of fixed frame contrast is shown in Fig. 2 , separately for each observer and for the two orders of presentation.
The data from the test-first condition fit well by a simple Reichardt model in which performance is compromised by early noise only. As discussed in the Appendix A, this model has no free parameters. The model correctly predicts motion facilitation of 0.3 log units, and a wide range of fixed frame contrasts over which the facilitation is constant. Only at the highest fixed frame contrast is there any evidence of masking. Most of the data points fit the model within the error of measurement, except for the highest fixedframe contrast, at which thresholds were higher than predicted.
The bottom two panels of Fig. 2 show data from the test-second condition. The three leftmost points of these graphs are similar to the above, but at higher contrasts masking appears. The data from the test-second condition are approximately consistent with a model in which: (1) Frame 2 contrast is uninfluenced by Frame 1 contrasts below a fixed threshold contrast C; whereas (2) Frame 2 contrasts are normalised by Frame 1 contrasts exceeding C. The normalisation took the form of dividing the Frame 2 contrast by kF, where F is the first frame contrast and k is a constant of proportionality, set to unity.
Further detailed observations were taken to verify the predicted multiplicative relationship for near-yoked threshold contrast values of the fixed frame. The results (see Fig. 3 ) are generally a reasonable fit to the model.
Contrast discrimination
We also measured contrast discrimination thresholds with the conventional 2ATFC procedure, with a pedestal in both intervals and the test present only in one. Detection threshold was defined as the test threshold with a pedestal contrast of zero. The data (see Fig. 4 ) show a classic 'dipper function' (Nachmias & Sansbury, 1974) . Contrast facilitation is found at small, non-zero pedestal values, giving way to masking at large pedestal values.
In absolute terms, contrast detection thresholds were only slightly greater than those for yoked motion direction discrimination (see Table 1 ). The coincidence of these values is surprising, given that 2AFC thresholds would in general be expected to be sqrt(2) higher than in a single interval task because of the presence of noise in both intervals. We shall return to this point in Section 3.3.
The maximum extent of facilitation was 0.46 and 0.64 log units for observers CC and MM, respectively: greater than the 0.3 log units predicted by the motion Fig. 2 . Motion discrimination thresholds from Experiment 1, using 2 cpd horizontal full-screen gratings. All contrast thresholds are expressed relative to the yoked threshold, as in Fig. 1 . The open circles are data and the solid curves are the predictions of the model (see text). The error bars represent 95% confidence limits. NS on the abscissa means that the data point did not differ significantly (P B0.05) from the yoked threshold. The top two panels show results for the case where the test frame precedes the fixed frame, and bottom show the case when the fixed frame was first. The solid curve is the parameter-free model of motion facilitation described in the text. This is a reasonable fit to the data in the test-first condition, but in the test-second condition, masking is observed at first-frame values higher than a critical contest. The data points to the right of the first three were fit by divisively scaling the test contrast as a power function of the fixed frame contrast (dashed line: see text). energy model, and significantly different from the maximum facilitation observed in the motion experiment. We conclude that the mechanisms for motion facilitation and ordinary contrast facilitation are not the same.
2 AFC motion detection
To measure motion detection rather than direction discrimination, we used a 2AFC procedure identical to the contrast discrimination procedure, except that the test was presented in quadrature phase with the fixed frame and 100 ms earlier. The other interval contained the fixed contrast frame only.
As a control for the detection of a transient per se, we also repeated the motion detection procedure but with no phase shift between test and fixed frame. The test and fixed frame were thus asynchronous but there was no motion signal. The observer's task was to decide which interval contained the test, which in practice meant deciding which interval contained the transient corresponding to the change in contrast between the two frames.
Results for the motion 2AFC task were closely similar to those for motion direction discrimination (see Fig. 5 ). This equivalence of motion detection and motion direction discrimination is in agreement with previous investigations (Levi, Klein & Aitsebaomo, 1984; Derrington & Henning, 1993) . We conclude that the difference in facilitation between the motion task and contrast discrimination is not due to the 2ATFC procedure.
Transient 2AFC (detection with the test and fixed frames successi6e but in the same phase)
There was no evidence of facilitation in the case where the two frames were in the same phase. Non-zero pedestals always raised test thresholds. The extent of the masking increased with pedestal contrast. This control shows that motion facilitation is specific for motion detection/discrimination, rather than being a sensitisation that outlasts the pedestal, or an electronic artefact of rapidly changing contrast in the display. The arrow points to a symbol on the vertical axis, the position and size of which represent the 2AFC contrast detection and its 95% confidence interval, respectively. Note that the vertical axis represents absolute contrast thresholds, rather than relative to the yoked thresholds as in Fig.  4 , and that the contrasts on the horizontal axis are scaled relative to the 2AFC detection threshold, rather than yoked motion discrimination threshold.
direction discrimination. If the stimulus in one of the two frames is now fixed at a suprathreshold contrast such that it is detected with P=1.0, the probability of detecting the stimulus in both frames rises to (0.751.0) = 0.75. Facilitation is predicted.
We argue against this model of motion facilitation. The crucial prediction of feature tracking is that the yoked motion threshold will be higher than the detection threshold for a single frame. Our data, however, show that if anything, contrast detection thresholds are higher than motion thresholds, whether they be directional or 2AFC detection (see Table 1 ). We shall present a further argument against feature tracking in Experiment 3, where we measured directly the positional information present in a single frame. First, however, we extended the motion facilitation paradigm to small, foveal stimuli.
Experiment 2: Gabor patterns with stationary envelope
Methods
To see if similar results would be found with smaller, foveal stimuli, we repeated the experiment with a centrally-fixated Gabor patch, containing a 2 cpd horizontal carrier and a stationary gaussian envelope (|=0.5°). We assumed that at contrast threshold, only the area of the patch covering the fovea would be visible. The grating moved within the envelope but the envelope itself remained stationary. Apart from these differences the methods were identical to those of the first experiment.
Results
The data from the experiment are shown in Fig. 6 . In most respects they replicate the results of the first experiment. There is somewhat more evidence for masking in the test-first condition than in Experiment 1. In the test-second condition the data were once again fitted in the masking region by a straight line with a slope of unity.
Experiment 3: phase discrimination of a single frame
In Section 3.3 we raised the question whether feature tracking could account for the motion facilitation effect. The argument against feature tracking would be strengthened if it could be shown that there is insufficient information available to the observer about the phase of a single frame at contrast levels that permit motion direction discrimination. We therefore measured the ability of observers to carry out phase discrimination as a function of contrast.
Discussion
The data are compatible with the Reichardt (or motion energy) model of direction discrimination. However, they do not rule out a feature tracking model without further consideration. At first sight, motion facilitation might seem sufficient grounds for rejecting feature tracking, because it shows that direction discrimination is possible when one of the two frames is below the yoked threshold. However, a sophisticated version of feature tracking is able to explain facilitation. Let the contrast threshold for detecting the stimulus in a single frame be~. Suppose this to be the contrast at which the stimulus is detected with P =0.75. According to feature tracking, the stimulus must be detected in both frames, which will occur with P = (0.750.75) = 0.5625. Thus the contrast of the stimulus in the yoked condition must be raised above~to allow 
Methods
Observers were shown a single 100 ms exposure of the Gabor pattern used in Experiment 2, with the grating either in +cos or − cos phase with respect to a black fixation point, which was continuously visible. The task was to decide whether the fixation point was spatially coincident with a white bar or a dark bar of the grating. In addition, to help positional discrimination, the 100 ms exposure was followed by a 100 ms exposure of two bright lines, one to either side of the stimulus, in alignment with the position of the central bar of the grating. The contrast of the Gabor patch was varied by the same staircase procedure that we used in previous experiments, and the contrast threshold for phase discrimination measured in the same way. The simple contrast detection threshold for the patch was also measured, by a 2AFC procedure as in Experiment 1.
Results
The thresholds for phase discrimination and contrast detection are shown in Fig. 7 . Thresholds for phase discrimination were higher than for contrast detection, and the difference would be even greater if a correction of sqrt(2) were applied to take account of the 2AFC procedure used for contrast detection. In other words, a Gabor patch has to be some way above the threshold for its detection before its phase can be reliably reported. Fig. 7 also shows the contrast thresholds for yoked motion direction discrimination. As in Experiment 1, these were comparable to thresholds for contrast detection, and were therefore lower than for phase discrimination. These data make it unlikely that observers performed motion direction discrimination by tracking the bars of the grating over frames. Allik and Pulver (1995) proposed three main predictions of the Reichardt model: monotonicity, commutability and sign reversal. We have shown that monotonicity is predicted by the model (with additive noise) only over a small contrast range, and our results support this modified prediction. Commutability is not found, because of masking, which -we inferprecedes the site of multiplication. We have not tested sign reversal, and for the future it would be interesting to establish whether positive and negative contrasts in the two frames interact in the same way (by their energy) as same-sign contrasts.
General discussion
If motion detection by a Reichardt multiplier were limited only by late noise (i.e. noise after the site of multiplication), contrast thresholds for one of the frames in a two-frame sequence would fall without limit as the contrast of the other frame was raised. We have shown that this does not happen. Facilitation does occur, but it reaches an asymptotic value of 0.3 log units. This value is predicted by a simple model with independent additive noise to the two frames. The model has no free parameters, other than the value of the yoked threshold, which is used to determine the value of the early noise.
An alternative to multiplication would be addition of the two frames with an early nonlinear transduction function, similar to that commonly used to explain facilitation in the contrast discrimination paradigm. But we have shown that the magnitude of motion facilitation is less than that for contrast facilitation, using the same stimuli. The data provide evidence for the multiplicative nonlinearity of the Reichardt and motion energy models.
We find masking when a high contrast frame precedes a near-threshold contrast of the second frame, but less masking when the high contrast frame occurs second. The conclusion from this temporal order asymmetry is that the site of masking precedes the multiplication stage in the model. The masking cannot occur at or after the site of multiplication, since by this stage the temporal order asymmetry of the two frames has been lost. The asymmetry we have found is consistent with Morgan and Cleary (1992) but not with Allik and Pulver (1995) . However, the range of fixed-frame contrast used by Allik and Pulver was smaller than in the present experiment and may not have been sufficient to observe masking in the fixed-frame first condition. They present their data somewhat differently from ours, but we deduce that the highest contrast they used was only 10× the yoked threshold. Taking a detection criterion of d%= 1, we have replotted the data from the psychometric functions for one of their observers (JA) in Fig. 8 . Surprisingly, there is little evidence for facilitation at supra-yoked threshold values of the fixed frame. There is, however, some sign of masking. The use of spatially-broad band stimuli in their experiment introduces the complication that different spatial frequency bands may reach threshold in the test and fixed frames. Further investigations are needed to see whether facilitation can be found in broad-band stimuli, and whether the temporal-order asymmetry we have described is general. Some preliminary findings we have obtained with low spatial frequency stimuli (B 0.5 cpd) suggest that the temporal order asymmetry may not be so evident. The difference between low and higher spatial frequency stimuli may be related to differences between sustained and transient latencies (Morgan & Mather, 1994) .
Conclusions
These data provide strong evidence for a version of the Reichardt model with independent additive noise to the individual frames of the motion sequence. The motion facilitation effect is a characteristic signature of the multiplication stage of the Reichardt detector, and as such, could be used to determine whether a Reichardt detector is involved in disputed cases of first-order motion, such as two-frame motion of equiluminous stimuli, and 'long-range motion' in sparse random dot patterns (Eagle & Rogers, 1996; Morgan, Perry & Fahle, 1997; Morgan & Chubb, 1999) .
Appendix A
In this appendix, we derive the function used to fit the data obtained in the test-first condition (shown in Fig. 2 ).
The motion stimuli we investigate in this paper consist of two frames, a test frame (e.g. a horizontal sinusoid of [Michelson] contrast A), and a fixed frame (e.g. another horizontal sinusoid of contrast B [equal in spatial frequency to the test frame] shifted 1/4 cycle either upward or downward relative to the test frame). Our model proposes that: (i) the subject's response (upward versus downward) depends on the product of the contrasts A and B; however, we also assume (ii) that these contrasts are degraded prior to the motion computation by independent additive noise. Specifically, for N 1 and N 2 , independent, normal random variables with mean 0 and standard deviation |, we suppose that the subject responds correctly (i.e. reports motion in the target direction) if: 
For any fixed frame contrast B, the test frame contrast A B supporting threshold performance (probability correct~) in judging direction of motion satisfies 
The important point is that Eq. (A13) contains no free parameters. Thus, the model predicts A B /A* as a function of B/A* with no degrees of freedom.As shown in Fig. 2 , Eq. (A13) does a creditable job of capturing the data in the test-first condition. However, in the test-second condition, masking is obtained, yielding the different pattern of results.
